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Introduction
Photoredox catalysis exploits the notion that closed-shell molecules become more potent electron donors and electron acceptors when promoted to an excited electronic state. The photoexcitation of such species can be used to promote electron transfers that would otherwise not be thermodynamically viable in the ground electronic state. Exceptional advances in photoredox catalysis have been made in the last decade under the umbrella of synthetic organic chemistry, with the recent resurgence in this area often ascribed to pioneering research by the groups of MacMillan, Yoon, and Stephenson. [1] [2] [3] This work, and much that followed, has turned to the tris(bipyridine) complexes of [Ru(bpy)3] 2+ and [Ir(bpy)3] 3+ and their analogues as the photocatalysts (PCs) of choice. The photophysics of these transition metal complexes is well characterized, [4] [5] and they have since been applied as PCs to a range of problems across synthetic organic chemistry, including the total synthesis of natural products, [6] [7] [8] heterocycle synthesis and functionalization, 9 asymmetric protocols 10 and the preparation of carbon-centered radicals. [11] [12] [13] They have also been used in the photocatalytic reduction of carbon dioxide to methane 14 and in the development of cooperative catalysis. [15] [16] [17] [18] [19] [20] [21] [22] To circumvent the problems of natural scarcity and toxicity associated with the transition metals in these photoredox systems, [23] [24] researchers are replacing metal-based catalysts with highly conjugated organocatalysts; [25] [26] [27] applications, and associated mechanistic studies, include oxidation using molecular oxygen, [28] [29] [30] cross-coupling, 31 cyanation, 32 addition to alkenes, 33 trifluoromethylation, 34 hydroxylation, 35 N-formylation, 36 and sulfinylation. 37 In addition to these synthetic uses, selected organic PCs such as perylene, phenothiazine, dihydrophenazine and phenoxazine derivatives have recently been applied in the development of organocatalysed atom-transfer radical polymerization (O-ATRP). [38] [39] [40] [41] Initiation in O-ATRP depends upon the reductive dehalogenation of an alkyl halide initiator via an outer-sphere electron transfer from a photoexcited organocatalyst; this process forms a reactive radical species, which instigates the propagation stage of polymerization. Low dispersity and control over the polymer molecular weight are thought to be promoted by keeping the concentration of this radical low. 42 Miyake and co-workers recently proposed an oxidative quenching pathway for O-ATRP with N,N'-diaryl-5,10-dihydrophenazines, [40] [41] postulating that the first excited triplet state 3 PC*(T1) is responsible for the PET to the initiator (e.g. methyl 2-bromopropionate, MBP). The electron transfer is dissociative, forming a dehalogenated radical fragment ( 2 MP . ) and an ionic complex ( 2 PC .+ Br -), and termination of the polymerization supposedly occurs via a bimolecular, thermally mediated back electron transfer (Scheme 1). 43 They subsequently posited that the PCs most capable of efficiently mediating O-ATRP, and of affording the greatest control over polymer molecular weight and dispersity, are those whose excited states exhibit substantial intramolecular charge transfer (CT) character. The source of such control, they suggested, is that CT character in the excited donor state minimizes fluorescence and enhances electron transfer rates. They further investigated effects of solvents and irradiation energy on resulting polymer properties. [44] [45] However, there is scope for more detailed study of these O-ATRP mechanisms to establish a firmer basis for interpretation of the existing observations.
In photoredox reactions using metal complexes, it is widely-accepted that long-lived T1 states with metal-to-ligand CT character, populated with high quantum yield by efficient intersystem crossing (ISC), are responsible for PET. 24 The photochemical properties of the organic PCs (e.g., their redox potential, ISC quantum yields, and excited state lifetimes), as well as the polymerization conditions used in O-ATRP (e.g., the amount of photocatalyst required) significantly differ from those for the metal-centered photocatalysts, and their reaction mechanism may therefore also differ. For example, synthetic studies with phenyl phenothiazines have led researchers to contend that the first excited singlet state 1 PC*(S1), as opposed to 3 PC*(T1), may be responsible for the photoinduced electron transfer step. 46 In contrast, a recent spectroscopic study concluded that the majority of the PET (~89%) took place from T1 state, 47 but was conducted at initiator concentrations 5 -10 times lower than used for O-ATRP conditions. 40 Exhaustive mechanistic work by Matyjaszewski and co-workers with phenyl phenothiazine photocatalysts further emphasized the importance of the radical cation lifetime and the termination stage. These authors argued that stable radical cations with long lifetimes are required for controlled polymerization. 48 We show here that unravelling the mechanisms of organic photoredox catalysis can benefit from scrutiny by ultrafast transient absorption spectroscopy, which tracks the abundances of both the excited electronic states of the PC and reactive open-shell intermediates directly on timescales from sub-picosecond upwards, using the temporal evolution of their absorption signatures.
Several previous transient spectroscopy studies have examined photoinduced electron transfer (PET) reactions in solution. 49 However, this prior work has largely focussed either on intramolecular PETs, in which the electron donor and acceptor are covalently tethered, or on intermolecular PETs that result in charge separation and recombination without the prospect of subsequent atom-transfer or onward reactivity. Ultrafast spectroscopy has previously been used to investigate the nature of the nascent ion-pair, quenching pathways, and the Marcus inversion region in bimolecular PETs. [50] [51] Herein, we demonstrate an alternative application as a broader mechanistic tool to address the growing prominence of organic photoredox catalysis in synthesis.
Vauthey and co-workers recently reported the use of ultrafast transient vibrational absorption spectroscopy (TVAS) to observe the photophysical relaxation of Ru(II) complexes, 52 and highly correlated ab initio SA-CASSCF/CASPT2 calculations. We consider two complementary photocatalysts based on the N,N'-diaryl-5,10-dihydrophenazine framework: N,N'-diphenyl-5,10-dihydrophenazine (PCH) and 5,10-di(4-trifluoromethylphenyl)-5,10dihydrophenazine (PCF). These PCs were selected to test the mechanistic postulates of Miyake and co-workers, because the emissive state in PCH has local excitation (LE, -*) character, whereas in PCF it has substantial intramolecular CT character, as deduced from solvatochromic effects in emission. 43 To balance spectroscopic convenience with synthetic applicability, we pursued experiments with three solvents: dichloromethane (DCM), toluene and dimethylformamide (DMF). The outcomes offer a complete picture of the early time dynamics of all the key intermediates in the PET process, and because some of our findings challenge previous mechanistic interpretations, [40] [41] we accordingly propose some desirable properties of organic photocatalysts for O-ATRP. 
Methods
All the TVAS and TEAS experiments reported here were conducted with an ultrafast laser system configured for pump-probe measurements. A Coherent Vitara-S Ti:Sapphire oscillator was used in conjunction with a Coherent Legend Elite HE+ regenerative amplifier to generate a single train of parent pulses with a repetition rate of 1 kHz. Each pulse was characterized by an average duration of  = 40 fs, a carrier wavelength of 0 = 800 nm and an energy of ~5 mJ. The parent beam was split along three separate pathways; two beams of 2.45 mJ pulses were directed into Coherent OPerA Solo optical parametric amplifiers (OPAs) to generate UV pump and IR probe pulses (for TVAS), while a single train of 100 J pulses was diverted into a CaF2 window to generate a broadband white light supercontinuum probe (for TEAS). In TEAS and TVAS, the UV pump wavelength was set to 370 nm and the pulses were characterized by an average energy of 600 nJ at the sample. Solutions were prepared to the desired concentration in a 10 mL amber glass Figure S4 ), in agreement with a prior report. 43 The steady-state emission intensity from PCF is essentially unchanged upon the addition of triplet quenchers 2,5-dimethylhexa-2,4-diene (ET1 = 176 kJ mol -1 53 ), cyclohexa-1-3-diene (ET1 = 219 kJ mol -1 54 ) and styrene (ET1 = 254 kJ mol -1 55 ) ( Figure S22 ), or the triplet sensitizer benzophenone. The positions of the emission bands also remain independent of both the photocatalyst concentration and excitation wavelength. The emissive state of PCF is thus argued to be the first-excited singlet state 1 PCF*(S1), in accordance with Kasha's rule. This assignment is supported by TEAS and TVAS measurements discussed below. The solvatochromism is consistent with a 1 PCF*(S1) state of intramolecular CT character, whereas the solvent-independent emission behaviour of PCH points to an emissive state of LE character. 43 The TEAS measurements for PCH reported later show evidence of slow evolution of the S1 to the T1 state, which suggests contributions to emission from both 1 PCH*(S1) and 3 PCH*(T1), but prior reports indicate that this emission is not affected by the presence of oxygen. [56] [57] Because our transient absorption spectroscopy measurements establish the timescale for intersystem crossing, no further quenching studies of the PCH emission were carried out.
Locating reactive intermediates
The transient vibrational absorption (TVA) spectra presented in Figure 1(a) , and obtained over the 1530 -1680 cm -1 region, highlight a band corresponding to a ring motion of 1 PCF*(S1) (1548 cm -1 ) and a bleach from the photoinduced depletion of the ground state 1 PCF(S0) (1600 cm -1 ) ( Figure S1 ). The absence of recovery of the bleach feature is ascribed to an overlapped transient absorption from a second ring breathing mode of 1 PCF*(S1). Combined TVAS and TEAS experiments (Figures S1 and S2) showed that the 1 PCF*(S1) state: (i) is fully populated within 2 ps via ultrafast internal conversion from the nascent excited state 1 Solid lines are fits to a concerted kinetic model for PET discussed in the main text. The absence of bleach recovery in (a) is attributed to the presence of an overlapped transient absorption by 1 PCF*(S1) Global fitting of all three integrated band intensity traces in Figure 1(d) to a single time constant is satisfactory (e.g. 324 ± 10 ps, [MBP] = 0.9 mol dm -3 ), showing that: (i) 1 PCF*(S1), rather than Miyake and co-workers argued that PET from a photocatalyst such as PCF with excited state CT character should be faster than from structural analogues with an excited state of LE character, with consequent greater control over polymerization. [40] [41] To test this suggestion, we also examined the photochemical dynamics of PCH and MBP in DCM. In the absence of MBP, the lifetime of the 1 PCH*(S1) state in DCM is of the order of a few nanoseconds, and appears similar to 1 PCF*(S1) ( Figure S20 ). However, there is one notable difference: whereas the 1 PCF*(S1) state decays to the ground-state without perceptible intersystem crossing into the triplet manifold, the decay of the 1 PCH*(S1) state coincides with the concomitant growth of a new transient absorption centered on 450 nm ( Figure S20 ). The position of this feature is inconsistent with the absorption signature of the radical cation 2 PCH .+ (D1), indicating that there is no PET from photoexcited PCH to DCM, and we instead assign the new feature to a triplet state 3 PCH*(T1). The quantum yield for PCH ISC was previously measured to be 0.26 in 3-methylpentane solution at 77 K, supporting our assignment. 59 In the presence of MBP a clear transient absorption from 2 MP . (D1) was again observed ( Figure S18 ) on timescales faster than T1 growth, with a concentration dependence study affording an estimated bimolecular rate coefficient of kPET(PCH) = (3.6 ± 0.2) × 10 10 dm 3 mol -1 s -1 . As with PCF, electron transfer appears to occur from the first excited singlet state, 1 PCH*(S1) under our experimental conditions. [MBP] / mol dm -3 At the relatively high initiator concentrations (0.4 -2.2 mol dm -3 ) considered herein, our assumption of pseudo first-order kinetics is an approximation. The rate coefficient for the PET will in truth be time-dependent, because of a contribution from static quenching at early times. 24 The kinetics in the case of PCF are well fitted by mono-exponential functions, indicating that a simple pseudo first-order approach is appropriate. In the case of PCH, however, curvature in semilogarithmic plots ( Figure S16) suggests that time-dependent kinetics ought to be considered.
Vauthey and co-workers used a formal diffusion model to deduce intrinsic rate coefficients for bimolecular electron transfers with both static and diffusive quenching contributions, 51 Irrespective of the model invoked to analyse the kinetics, the primary conclusion remains unchanged: the rate of PET is 5 -10 times greater for PCH than PCF, indicating that the 1 PCF*(S1) state, of CT character, undergoes slower PET. Electron transfer from 1 PCH*(S1) appears to be limited by the diffusion-controlled rate coefficient, estimated to be ~ 1.6 × 10 10 dm 3 mol -1 s -1 in DCM. 54 Marcus-Savéant theory states that the free energy barrier for a concerted dissociative electron transfer reaction ΔPETG ‡ is related to the free energy change for the transfer ΔPETG, the bond dissociation energy EBD and the solvent reorganization energy 0 according to: 60
To a good approximation the bond dissociation energy dominates the reorganization energy, leading to a simpler expression that depends exclusively upon EBD and ΔPETG. The steady-state emission spectra of the two photocatalysts in DCM show that the 1 PCF*(S1) state [ e max (DCM) = 562 nm, 213 kJ mol -1 ] is lower in energy than 1 PCH*(S1) [ e max (DCM) = 480 nm, 249 kJ mol -1 ], relative to the respective ground-state photocatalysts, and KS-DFT calculations show that the 2 PCF .+ (D1) radical cation (436 kJ mol -1 ) is higher in free energy than 2 PCH .+ (D1) (421 kJ mol -1 ).
That is to say, PCF has a more stable excited donor state and less stable radical cation compared to PCH, leading to an estimated difference in the PET driving force for the two photocatalysts of ΔΔPETG = ΔPETG(PCF) -ΔPETG(PCH) = 51 kJ mol -1 . The Coulombic correction term present in the Weller equation, used to compute ΔPETG, is unlikely to differ to such a significant degree for the same solvent and electron acceptor, particularly given the structural similarity of the two photocatalysts. 61 To assess the role of solvent and consider catalytically relevant conditions, the photophysical relaxation pathways of PCF and PCH were also investigated in DMF, which represents a typical solvent for O-ATRP. 40 In the case of PCF in DMF, in the absence of the initiator, both TEAS and TVAS show quenching of 1 PCF*(S1), and in particular, TVAS indicates 1 PCF(S0) ground-state recovery with a time constant of 677 ± 35 ps (Figure 3) . No electronic or vibrational absorption signature of the radical cation 2 PCF .+ (D1) was observed, confirming no electron transfer to DMF, nor was there any evident branching into the triplet manifold. We estimate a T1 quantum yield of less than 10% from analysis of the decays in Fig. 3(b) . Accordingly, we assign this substantially reduced lifetime of 1 PCF*(S1) in DMF to a rapid internal conversion to 1 PCF(S0) ground-state;
comparable examples are known for quenching of an excited state with intramolecular CT character in polar solvents. 63 Even with added benzophenone (1.0 M) as a triplet sensitizer, TEA spectra of solutions of PCF in DMF showed no evidence for formation of 3 PCF*(T1) (see Figures   S23 and S24) . In contrast, the 1 PCH*(S1) state has a lifetime in DMF that is beyond the range of our experimental setup, and the growth of a new transient absorption on the nanosecond timescale suggests competitive intersystem crossing to 3 PCH*(T1), as in DCM ( Figure S20 ). PCF is reported to be superior to PCH as a photocatalyst for controlling polymer molecular weight and dispersity in O-ATRP. [40] [41] A robust mechanistic understanding of this selective control of O-ATRP must consider both the dissociative PET step which is the focus of this study, and the loss of radicals by the TET process illustrated in Scheme 1, because a combination of the two ET steps controls the radical concentration and hence the degree of polymer dispersity. Under otherwise identical conditions, the combination of slower PET from 1 PC*(S1), and more energetically favourable TET (see Scheme 1) recovering 1 PC(S0) from 2 PC + for PCF than for PCH, 40 will result in lower 2 PC + and organic radical concentrations when PCF is the chosen photocatalyst. The concentration of photoactive PC molecules is expected to decrease during polymerization because of the formation of ionic complexes ( 2 PC .+ Br -), with further consequences for the steady state radical concentration. The equilibrium constant for the formation of these complexes will depend on the solvent and PC used. 43, 45 Nevertheless, our comparison of the photochemical dynamics of PCH and PCF in DCM and DMF, and the known performances of the two PCs in O-ATRP, 40 lead us to suggest that the superior polymer dispersity control resulting from PCF use is a consequence of lower steady-state radical concentrations. We hypothesize that short-lived 1 PC*(S1) states, low ISC quantum yields and slower PETs can be desirable properties for photoredox organocatalysts in O-ATRP if low polymer dispersity is desired. In the case of PCF, these three photochemical characteristics work in concert to supress the production of the reactive dehalogenated radical under constant irradiation conditions, and low radical concentration is critical to controlled polymerization, as discussed by Matyjaszewski and coworkers. 48 The proposed desirability of low ISC yields rests on the assumption that any populated 3 PC*(T1) state will be considerably longer-lived than 1 PC*(S1), and of sufficiently high energy that electron transfer out-competes further ISC or phosphorescence back to the 1 PC(S0) ground-state. Efficient, high quantum-yield ISC to a long-lived 3 PC*(T1) will favor radical production at lower initiator concentrations, leading to poorer control during polymerization. In accordance with Marcus-Savéant theory, the PET rate can be moderated by seeking catalysts with comparatively stable excited donor states and unstable radical cations. Moreover, if the excited state of a given photocatalyst has CT character, the rate of PET can be slowed by employing solvents that preferentially stabilise the excited emissive state.
Our analysis of PC properties applies specifically to O-ATRP PC design, and is based solely on evidence from study of the electron transfer rates for two of the N,N-diaryl-5,10-dihydrophenazine PCs employed by Miyake and co-workers. Quantitative understanding of the optimum conditions for use of these and other PCs in O-ATRP requires knowledge of the rate coefficients for the numerous competing pathways and sequential steps in the polymerization process. Empirical investigations are currently more tractable; for example, Ryan et al. recently examined the optimization of irradiation intensity. 44 For ATRP using the metal complex photocatalyst fac-[Ir(ppy)3], which is known to have an ISC quantum yield close to unity, Fors and Hawker found that decreasing the PC load from 0.2 mol% to 0.005 mol% significantly reduced the product polymer dispersity. 64 The low PC loads in this study, compared to the 0.5 mol% values for organic PCs typical in the O-ATRP system investigated by Miyake and co-workers, can be qualitatively explained by the different ET and ISC efficiencies of the two PCs: the high yield of long-lived T1 states of fac-[Ir(ppy)3] maintains radical concentrations appropriate for ATRP with low polymer dispersity at much lower PC concentrations than the organic PCs which have smaller ISC quantum yields, and therefore favor ET from shorter lived S1 states. This interpretation is supported by the reported ISC quantum yield of only 2% for N,N-5,10-di(2-naphthalene)-5,10-dihydrophenazine, 65 as well as the ultrafast transient absorption spectroscopy measurements we report here.
PET and Solvent Effects
To further test the conclusions from our study, the effect of solvent on the rate of PET from the PCF and PCH photocatalysts was investigated with transient electronic absorption spectroscopy.
The TEA spectra in Figure 4 were obtained for PCH and PCF solutions of [MBP] = 1.8 mol dm -3 in DCM, toluene and DMF. There is no evidence from these spectra that addition of the brominecontaining MBP promotes ISC from the 1 PC(S1) to the 3 PC(T1) state. The time constants PET reported in the figure correspond to the pseudo first-order time constants for electron transfer, obtained using mono-exponential fits for PCF and bi-exponential fits for PCH, as discussed earlier.
In each case, the initial spectrum at 2 ps is assigned to the 1 PC*(S1) state, whereas the 1200-ps final spectrum corresponds to the absorption signature of the radical cation 2 PC .+ (D1), as confirmed by steady-state UV-Vis characterization following thermally mediated oxidation of PCF by FeCl3
( Figure S5 and S6) .
The absorption signatures of the 1 PC*(S1) states for the two photocatalysts are strikingly different, with the broad absorption extending beyond 625 nm in the case of PCH tentatively assigned as an excitation from 1 PCH*(S1) to the CT Au state ( 1 PCH*(S3) in the Franck-Condon region). For such a concentration of MBP, PET is well-approximated by the observed time constant for the decay of the 1 PC*(S1) state, obs, with the exception of PCF in DMF. In this case, the decay of the 1 PCF*(S1) state in the absence of MBPquantified by the time constant 1 = 677 ps (Figure 3 )is competitive with the PET, such that:
For PCH, PET is essentially invariant over the three solvents, which is consistent with electron transfer being diffusion-limited. Subtle variations are likely to be a consequence of small modulations in the ground-state redox potentials. In the case of PCF, PET is inversely correlated with the energy of the 1 PCF*(S1) state [ max(Emission) = 585 nm (DMF), 562 nm (DCM), 508 nm (toluene)]. The reduction potentials of 2 PCF .+ (D1) and MBP will also depend upon the polarity of the solvent, but it is noteworthy that the observed trend in the PET rate is consistent with the trend in the 1 PCF*(S1) energy. Although solvent effects modulate the rate of PET in the case of PCF, as is expected for an excited donor state of CT character, it is apparent that substituent effects (-H vs -CF3) dominate the photochemical dynamics. was detected within the temporal range of the experiment (1.3 ns) in either DCM or DMF; in the absence of MBP, the recovery of 1 PCF(S0) accounts completely for the decay of 1 PCF*(S1). The lifetime of the 1 PCF*(S1) state is particularly short in DMF (677 ± 35 ps), which is significant as this represents a typical solvent for O-ATRP. In accordance with Marcus-Savéant theory, the rate of PET to MBP is activation-controlled and varies with the energy of the 1 PCF*(S1) state, which is sensitive to solvent polarity on account of its intramolecular CT character.
Under the same conditions, a bimolecular rate coefficient of kPET(PCH) = (2.0 ± 0.2) × 10 10 dm 3 mol -1 s -1 was determined for PET from the 1 PCH*(S1) state to MBP. This is ~5 times faster than the PCF and comparable to the diffusion-limited rate coefficient in DCM under ambient conditions. Contrary to the postulate of Miyake and co-workers, we thus find that PCH undergoes faster PET than PCF, despite the local excitation character of the 1 PCH*(S1) state. The disparity in the rates of PET is more reliably explained with Marcus-Savéant theory, given the substantial difference in the estimated PET driving force of ΔΔPETG = ΔPETG(PCF) -ΔPETG(PCH)  51 kJ mol -1 . In PCH, ISC to the first excited triplet state 3 Comparison of the photochemical dynamics of PCF and PCH suggests that a combination of shorter 1 PC*(S1) lifetimes, low ISC quantum yields and slower PETs favors control of polymer molecular weight and dispersity in O-ATRP using these N,N-diaryl-5,10-dihydrophenazines as photocatalysts, by supressing the steady-state concentration of the dehalogenated radical. With this in mind, it would be prudent for synthetic chemists to consider the design of organocatalysts for O-ATRP that are characterized by short fluorescence lifetimes, low-lying excited donor states and high energy radical cations in a given solvent if control of polymer dispersity is a primary objective. Our results further suggest PET rates for different photocatalysts are better interpreted in terms of the free energies of excited states than their CT/LE electronic characters.
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